Background: Keratoconus is a noninflammatory disease characterized by thinning and scarring of the central portion of the cornea. The etiology is unclear. In this study, we sought to identify mRNAs that are differentially expressed in the stroma of keratoconus corneas in comparison to those of corneas from normal individuals and patients with other corneal diseases. Materials and Methods: Total RNA was isolated from the stromal layer of normal human, keratoconus, and pseudophakic bullous keratopathy corneas. cDNA was synthesized and PCR-select subtractive hybridization experiments were performed. The differentially expressed genes noted were verified by dot blot analysis, cloned, and sequenced. Immunohistochemical staining, in situ hybridization, and/or reverse transcription polymerase chain reaction were used to assess expression of the identified genes at protein and/or
Introduction
Keratoconus is a noninflammatory disease characterized by thinning and scarring of the central portion of the cornea (1, 2) . Its exact cause is unclear, although the pathogenesis may involve genetic (3, 4) as well as environmental and behavioral factors (5, 6) . Keratoconus usually is noted during the second decade of life. No specific treatment exists, except to replace the cornea by transplantation when the patient's vision is beyond correction with contact lenses. This disease is one of the leading reasons for corneal transplantation (7) .
The stroma, which comprises over 90% of the thickness of the cornea, is a highly specialized connective tissue. The stromal matrix is made up of tightly packed orthogonal layers of collagen fibrils and abundant keratan and dermatan sulfate proteoglycans. Cells called keratocytes are dispersed in the stromal lamellae. Collagens are believed to be essential for the strength of the cornea, and the interactions between collagen and proteoglycans contribute to the proper collagen spacing and, in turn, to corneal transparency (8) (9) (10) . In keratoconus, the stroma is the site where thinning and scarring occurs.
Corneas obtained from keratoconus patients have been shown to contain less total protein than normal ones (11, 12) . Studies in our laboratory have also revealed biochemical abnormalities in expression levels of both degradative enzymes and protease inhibitors in keratoconus corneas. Specifically, the levels of enzymes including acid esterase, acid phosphatase (13) , and cathepsins B and G (14) are increased, whereas those of inhibitors such as ␣1-proteinase inhibitor and ␣2-macroglobulin are decreased (15, 16) . The mRNA levels are also altered and changes paralleled those of the proteins (17) . These findings have led to the hypothesis that the degradative process may be one of the mechanisms affected, leading ultimately to stromal thinning manifested in keratoconus (11) .
Using a polymerase chain reaction (PCR)-based subtractive hybridization method, we sought in this study to identify mRNAs that are differentially expressed in the stroma of keratoconus corneas in comparison to the counterparts from normal individuals and patients with other corneal diseases such as Fuchs' corneal dystrophy and pseudophakic bullous keratopathy (PBK). Among the genes identified, keratocan was found to be specifically upregulated in the keratoconus stroma. Keratocan is one of three keratan sulfate proteoglycans (KSPG) in the human cornea. It has recently been linked to one form of cornea plana, a condition with decreased refraction from a flattened cornea (18) . Our data suggest that overexpression of keratocan may be involved in keratoconus.
Materials and Methods

PCR Select Subtractive Hybridization
Normal human eyes were obtained from the National Disease Research Interchange, Philadelphia, PA, and the Illinois Eye Bank, Chicago, IL. The donors ranged in age from 15-54 years. They did not have any known ocular disease and the corneas were clear. Corneal buttons from keratoconus patients were obtained either at the time of transplantation from the Cornea Service of the University of Illinois at Chicago or within 24 hr of transplantation from Dr. Theodore Perl, Corneal Associates of New Jersey, through arrangement by the National Keratoconus Foundation, Los Angles, CA. Patients ranged in age from 16-67 years at surgery. Corneal buttons from patients (ranging in age from 36-84 years at surgery) with PBK, aphakic bullous keratopathy, Fuchs' corneal dystrophy, and corneal scar from trauma were obtained from the Cornea Service of the University of Illinois at Chicago to serve as controls.
The central region of normal human corneas was obtained using a 7.5-mm trephine. The endothelial and epithelial layers of normal (14-and 33-year-old), keratoconus (16-and 34-year-old), and PBK (81-yearold) corneas were removed and total RNA of the stromal layer was isolated using Trizol reagent (GIBCO/ BRL, Grand Island, NY, USA) as previously described (14) . The poly A ϩ RNA was purified using Oligotex mRNA Mini Kit (Qiagen, Valencia, CA, USA) and quantified by absorbance at 260 nm. Approximately 0.1 g of mRNA of normal, keratoconus, or PBK was used to reverse transcribe cDNA by SMART PCR following the manufacturer's protocol (Clontech, Palo Alto, CA, USA).
PCR-select subtractive hybridization (Clontech) was performed. Briefly, each cDNA library was digested with Rsa I to create blunt end fragments. For each experiment, one cDNA sample (e.g., normal control or PBK) was used as the driver and the other (e.g., keratoconus) as the tester. The PCR-select subtractive hybridization allows identification of cDNA up-regulated in the tester population in comparison to the driver. The tester population was divided in half and further processed by ligation to the blunt ends with either adapter 1 or adapter 2, resulting in two populations of tester cDNAs. These adapter 1 and 2 cDNAs were then hybridized individually with a 30-fold excess of driver cDNA. Each mixture was heat denatured and allowed to anneal. As common cDNAs in the tester formed heterohybrids with the driver cDNAs, the differentially expressed or upregulated ones in the tester remained single stranded and became enriched. A second hybridization was subsequently performed by combining the adapter 1 and 2 hybridization reaction mixtures together with additional excess driver to further enrich the differentially expressed cDNA hybrids. Because these hybrids contained adapter 1 at one end and adapter 2 at the opposite end, preferential amplification of this population was achieved by two rounds of suppression PCR through the use of primers specific for the adapters. cDNAs containing the same adapter at both ends were not amplified in the PCR reaction. The PCR products were subsequently ligated into pGEM-T Easy vector (Promega, Madison, WI, USA), transformed into JM109, and selected through blue/ white screening. To identify genes down-regulated in keratoconus stroma, experiments were performed using the keratoconus cDNAs as the driver and normal human or PBK samples as the tester.
Dot Blot Assay
The subtracted library was differentially screened by dot blot analysis to eliminate false-positive cDNAs. The subtracted library and a reverse subtracted library were used as probes. PCR amplification of the inserts was completed using T7 and SP6 primers (Promega) located on either side of the pGEM-T easy multiple cloning site. The PCR products were spotted onto a nitrocellulose membrane and crosslinked by UV exposure. The cDNAs (100 ng) from the subtractive hybridization were labeled with ␣ 32 P dCTP (Amersham, Arlington Heights, IL, USA) by random primed DNA labeling kit (Roche, Nutley, NJ, USA) and were used to hybridize (1 ϫ 10 6 cpm) overnight at 42ЊC with the blots. The blots were washed and exposed to x-ray films. The clones confirmed to be differentially expressed were sequenced using the DNA Big Dye Sequencing ABI Prism kit (PE Applied Biochemicals, Foster City, CA, USA) and analyzed by the DNA sequencing facility at the University of Chicago. Sequences obtained were compared with those in the GenBank database using BLAST.
Immunostaining
Paraffin sections of normal, keratoconus, and other diseased corneas were blocked in 10% heat-inactivated normal goat serum and incubated with polyclonal anti-decorin (1:250, US Biologicals, Swampscott, MA, USA), anti-ferritin heavy chain (1:200, gift from Dr. James Connor [19] ), anti-fibronectin (1:100, Cappel, Aurora, OH, USA), or anti-keratocan (1:100) for 1 hr as described previously (20) . Corneal sections serving as negative controls received the same dilutions of normal rabbit IgG.
Polyclonal anti-keratocan was raised in rabbits against a synthetic peptide corresponding to the amino acid sequence HLQHLHLDHNK (keratocan amino acids 283-293, GenBank accession number AAC17741, Medline 2002978). The peptide was coupled to keyhole-limpet hemocyanin via a carboxyterminal cysteine residue not present in keratocan. The synthetic peptide was prepared and antibody NBT/BCIP (Sigma). The experiment was repeated at least three times.
Relative Quantitative Reverse Transcriptase PCR
Total stromal RNA (0.5 g) from corneas of normal individuals (aged 20, 22, 35, 45, and 54 years), and patients with keratoconus (25, 34, 36, 45 , and 62 years), PBK (68 and 86 years), Fuchs' corneal dystrophy (51 and 80 years), and corneal scar (36 years) was reverse transcribed into cDNA using random hexamer primers and SuperScript II (Roche). Relative reverse transcriptase PCR (RT-PCR) was conducted using the QuantumRNA classical ribosomal 18S primer kit (Ambion, Austin, TX, USA) with keratocan specific primers 5Ј-GAATTGAAAAAGGAGCCCTAA-3Јand 5Ј-CGGAGGTAGCGAAGATGAG-3Ј and a 2:8 ratio of 18S primers to 18S copetimers. PCR was carried out as follows: one cycle 94ЊC, 2 min followed by 27 cycles, 94ЊC, 10 sec; 62ЊC, 30 sec; 72ЊC, 2 min followed by one cycle, 72ЊC, 7 min. The expected sizes of the keratocan and 18S PCR products were 645-and 488-base pairs (bp), respectively. A sample containing only total RNA was used as a negative control. Samples were run on ethidium bromide-stained agarose gels and quantified by densitometry. The level of keratocan expression was normalized to the 18S product in each specimen.
Results
Subtractive hybridization reactions were completed using cDNAs from stromal tissues of normal human, keratoconus, and PBK corneas. A total of four subtractive hybridization reactions in two sets of experiments were done. In each set, keratoconus samples were examined in two reactions against either normal human or PBK stroma. When a clone or a mRNA transcript was identified from both reactions, it was judged more likely to be keratoconus specific and further pursued. Table 1 summarizes the cDNA samples used and the number of clones that were found differentially expressed. A total of 252 clones were observed to be raised by Alpha Diagnostic International (San Antonio, TX, USA). Anti-keratocan was purified by affinity column and the specificity was confirmed by enzyme-linked immunosorbant assay (ELISA). Western blot analysis using anti-keratocan against keratan sulfate proteoglycan extracted from human corneas (a generous gift of Dr. James Fundergurgh, University of Pittsburgh) yielded a 37-kD band not immunoreactive to anti-decorin (data not shown).
After primary antibody incubation, the sections were incubated sequentially with biotinylated goat anti-rabbit IgG (Jackson ImmunoResearch Laboratories, Inc., West Grove, PA, USA), 0.3% H 2 O 2 -methanol, and avidin-biotin-horseradish peroxidase complex (Vector, Burlingame, CA, USA) each for 30 min. Following color development with 3,3-diaminobenzidine tetrahydrochloride (Sigma Chemicals, St. Louis, MO, USA), the sections were dehydrated and mounted in Permount (Fisher Scientific, Itasca, IL, USA). All tissue sections and negative controls were stained simultaneously under identical conditions. Comparisons were made on only sections stained in the same experiment and the immunostaining was repeated at least three times to confirm the results.
In Situ Hybridization
Corneal specimens were fixed in 4% formaldehyde for 24 hr, processed, and embedded in paraffin. Prior to the experiment, 5-m thick sections were baked at 65ЊC for 1 hr, deparaffinized, and rehydrated. The sections were digested with proteinase K (10 g/ml, Promega), postfixed with 4% paraformaldehyde, and treated with 0.25% acetic anhydride (17) . After washing in 2ϫ sodium chloridesodium citrate buffer, the slides were air dried and hybridized overnight at 42ЊC with digoxigeninlabeled keratocan cDNA probe (0.5 g/ml) prepared using the Roche PCR DIG labeling kit and primers T7 and SP6. The tissues were further incubated with alkaline phosphatase-conjugated anti-digoxigenin (Roche) and color was developed by reacting with Fig. 1 . A representative differential screening dot blot of subtractive hybridization clones. Dot blot analysis was completed on clones isolated from subtractive hybridization experiments. Blots were probed with the subtracted library "positive" and the reverse subtracted library "negative" (10 6 cpm per 100 ng of subtracted cDNA probe) in ExpressHyb overnight at 65ЊC. After washing, the membranes were autoradiographed overnight at Ϫ70ЊC. The positions of the clones are marked by numbers 1-10 and letters A-G. Clones identified through sequence analysis to encode portions of the keratocan gene that are up-regulated in the "positive" subtracted library (compared to the "negative") are depicted by the arrows. A and B) , two patients with keratoconus (C and D, 26-year-old; E, 67-year-old), and a 77-year-old patient with pseudophakic bullous keratopathy (F). Sections were stained with anti-decorin (A, C, E and F) or normal sheep IgG (B and D, negative controls). Positive staining appearing as brown deposits is observed in the corneal stroma (St) as well as the epithelium (*). Note that the staining in the stroma is abnormally increased in diseased corneas (original magnification, ϫ40).
up-regulated when keratoconus samples were used as the tester and 142 to be down-regulated when keratoconus samples were used as the driver. Only 74 up-regulated and 9 down-regulated clones were subsequently confirmed by dot blot analyses (Fig. 1) . The down-regulated clones were revealed by sequence analyses to be all mitochondrial genes. Of the upregulated clones, 30 corresponded to novel sequences not found in the database. The remaining clones represented 7 known genes that included heat shock protein 90 (3 clones), decorin (8 clones), fibronectin (2 clones), ferritin heavy chain (2 clones), keratocan (16 clones), mitochondrial gene (7 clones), and ALU subfamily (6 clones). Because mitochondrial and ALU genes have been shown to be nonspecific artifacts frequently pulled out in differential display (21), subtractive hybridization (22) and yeast two-hybrid experiments (23), they were not investigated further.
Immunostaining experiments using antibodies for decorin, fibronectin, ferritin heavy chain, and keratocan were carried out. Figure 2 depicts the staining pattern for decorin in normal, keratoconus, and other disease corneas. Positive decorin immunoreactivity was observed in both keratocytes and matrices of normal human corneal stroma (Fig. 2A) . The staining was increased especially in the stromal matrix in keratoconus (Figs. 2C and 2E) . A similar increase was also observed in corneas of other diseases (Fig. 2F) . This pattern was likewise noted for fibronectin and ferritin heavy chain (photographs not shown). The increased expression of these genes thus appeared to be related to disease conditions and was not keratoconus specific.
Positive keratocan staining (Fig. 3) was observed in the stroma of all normal and other diseased corneas. The staining in keratoconus corneas was much stronger throughout the stroma in both keratocytes and matrix lamella (Figs. 3C and 3D ) than in normal (Fig. 3A) and disease controls (Figs. 3E and 3F) .
Because of the specific increase in immunostaining observed and the fact that keratocan was pulled out multiple times in all subtractive hybridization experiments, investigation was continued with emphasis placed on the keratocan gene. In situ hybridization (Fig. 4) using a keratocan cDNA probe was performed. Blue staining, indicative of positive hybridization products, were observed in keratocytes of all corneas studied. In keratoconus corneas (Figs. 4D, 4E , and 4F), the labeling was visibly enhanced in keratocytes versus normal human (Figs. 4A and 4C ) and other disease counterparts (Figs. 4G, 4H, and 4I) . A low level of hybridization observed in the epithelial layer of specimens was also noted in negative controls and was judged to be nonspecific. tification of differentially expressed mRNAs. With this method, we detected a number of genes that may be up-regulated in the keratoconus stroma in comparison to normal human and PBK tissues. Apart from novel sequences, seven known genes were identified. Of them, mitochondrial gene and ALU subfamily genes are known to often be nonspecific artifacts (21) . Three others-heat shock protein 90, decorin, and fibronectin-have already been evaluated previously in keratoconus (24) (25) (26) . Work in our laboratory has shown that heat shock protein 90, a member of the stress-response gene family, was not present in normal human, keratoconus, or other diseased corneas (24) . The expression of other heat shock protein members was increased in keratoconus, but the increase was not keratoconus specific, and is most likely related to injury repair in disease conditions. Similarly, previous investigation demonstrated an increased decorin expression (25) in the stroma and an increase in fibronectin expression in the epithelium, basement membrane, and the stroma near defect areas in keratoconus (26) . Our immunostaining experiments corroborate these findings, and indicate moreover that the enhanced expression of ferritin For a more quantitative assessment of the keratocan mRNA level, relative quantitative RT-PCR was completed using stromal RNAs from various corneas. The gel electrophoretogram (Fig. 5) after RT-PCR displayed two products, a 645-bp band for keratocan and a 488-bp band for 18S rRNA. The ratio from both band intensities were obtained via densitometric analyses. Results summarized in Table 2 indicate that the keratocan mRNA level in keratoconus stroma was approximately 1.8-to 2-fold higher than that in both normal human and other disease controls.
Discussion
PCR-select subtractive hybridization is a recently developed, powerful technique that allows for iden- . Positive staining appears as brown deposits in both keratocytes and stromal matrices. Note the increased staining in keratoconus specimens (original magnification, ϫ40). heavy chain may also result from wound healing responses seen in all corneal pathologies examined, including keratoconus.
Most significantly, keratocan was found to be up-regulated specifically in the stroma of keratoconus corneas. This result was confirmed by independent methods including immunostaining, in situ hybridization, and relative quantitative RT-PCR. The increase in keratocan expression was not observed in other corneal disease such as PBK or Fuchs' corneal dystrophy. With corneal scars, the levels of keratocan were either comparable to those in normals (Table 2) or slightly reduced (Fig. 3F ). These data, consistent with previous results in chick corneas that keratocan protein levels remain unaltered during wound healing or in scars (27) , argue against the possibility that the increased keratocan expression in keratoconus stroma is related to scarring. Keratocan is a member of the small leucine rich proteoglycan (SLRP) gene family (28) expressed almost exclusively by corneal keratocytes (29) . Along with lumican and mimecan, it makes up the major proteoglycan, KSPG, in the cornea (30) (31) (32) . The core proteoglycan proteins contain sulfated keratan sulfate side chains in the cornea, whereas in noncorneal tissues, the core proteins lack sulfation (29) . KSPGs have long been suggested to be important in corneal transparency and collagen fibrillogenesis (31, (33) (34) (35) . Developmental studies have determined that the emergence of keratan sulfate in the cornea correlates with transparency (30, 36) , and such a role for KSPG has recently been verified by results from lumican knockout mice that displayed bilateral corneal opacity (37, 38) . The collagen structure in the posterior stroma was also found altered in the lumicandeficient mice with both increased fibril diameter and abnormal lateral growth (39) . Although the specifics have yet to be defined, it is generally believed that keratocan, like lumican, may also take part in regulating both corneal transparency and collagen fibrillogenesis.
Earlier analyses of keratoconus samples have determined that although the amount of keratan sulfate was decreased, the keratan sulfate core protein content remained unaltered (40) (41) (42) . The KSPG core protein was then considered as only one entity and was measured as such. Therefore, changes in individual KSPGs such as keratocan might have gone unnoticed.
The degradative enzymes, proteinase inhibitors, and transcription factor Sp1 previously found to be altered in keratoconus (13) (14) (15) (16) 43) were not identified in the present study. The subtractive hybridization technique has, in general, a threshold of sensitivity of approximately 5-fold alterations in transcripts. Although the technique is capable of detecting smaller (as low as 1.5-fold) alterations in expression, the probability of detection diminishes drastically. The messenger RNA level for acid phosphatase has been shown to be only approximately 2-fold higher and that of ␣1-proteinase inhibitor is 3-fold lower in keratoconus than the control counterparts (17) . Not entirely unexpectedly, neither of these genes was pulled out. Keratocan, on the other hand, was also found to be increased only by approximately 2-fold. Perhaps by chance, or due to a favorable selection condition, keratocan clones were detected.
The current study also did not identify the transmembrane phosphotyrosine (LAR) gene recently determined to be up-regulated in keratoconus by Chiplunkar et al. (44) in a differential display investigation. LAR was one of the clones initially isolated in our subtractive hybridization, but was found not to be up-regulated in dot blot screening and was eliminated. In the differential display experiment (44) , RNA isolated from corneal stromal cell cultures was used as the starting material. The gene expression in corneal stromal cell cultures (45) may be considerably altered from that in tissue specimens used in our experiments. The differences in the starting material and the techniques may account, at least in part, for the disparity in the results.
To summarize, we used subtractive hybridization and suppression PCR techniques to identify differentially expressed transcripts in keratoconus stromal tissue. These experiments revealed that keratocan, uniquely expressed in the cornea stroma, is up-regulated in keratoconus corneas. Keratocan is one of the three KSPGs in the cornea speculated to be important for structure of the stromal matrix and maintenance of corneal transparency. The overexpressed keratocan may conceivably alter the fibrillogenesis in the stroma, leading to structural defects and contributing to the development of keratoconus.
Recently, keratocan has been linked to another corneal disease, cornea plana (18) . This disease is characterized by a flattened cornea and the loss of refraction. Two mutations were identified in the keratocan gene in patients with a severe, recessive form of cornea plana. One mutation replaces the single asparagine residue with serine in the leucine-rich repeat, a characteristic motif in SLRPs. The other mutation results in a stop codon at amino acid 174 and thus a truncated protein. The investigators hypothesized that both mutations would cause either a loss of function or absence of keratocan and a flattened cornea. It is hence of note that a connection of an increased keratocan expression with the corneal protrusion in keratoconus is suggested by the current study. These findings appear to be consistent with the role of keratocan in collagen structure and perhaps the mechanical architecture of the stroma. A keratocan knockout mouse model may ultimately provide insights in this regard.
